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ABSTRACT

In this paper we consider several applications of bilinear
stochastic models in which state estimation is an important problem.
Bilinear stochastic models occur naturally in many communication problems,
including neoisy oscillators and phase-lock loops, in which the system
evolves on the circle Sl. Similar models arise in the estimation of the
position of an orbiting body (in which the state evolves on the 2-sphere
$2) and in the estimation of the orientation of a rotating rigid body
{(which evolves on S0(3)). The advection-diffusion model of air pollution
involves partial differential equations which, when discretized, include
bilinear stochastic terms due to the random fluctuations in wind velocity
and source rate. '

Three technigques for the solution of bilinear estimation problems
are presented. First, finite dimensional optimal nonlinear estimators
are presented for certain bilinear systems evolving on sclvable and nilpotent
Lie groups. Then the use of harmonic analysis for estimation problems
evolving on spheres and other compact manifolds is investigated. Finally,
an approximate estimation technique utilizing cumulants is discussed.
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I. Introduction

aAs is well.kndwn,the class of linear dynamical sjstems with white
gaussian driving and observation noises is particularly appealing in that
optimal estimation and control systems can be readily dgtermined and are
easily implemented (perhaps with the aid of a digital computer). Un-
fortunately, there exists no such "nice" theory for general finite-
dimensional nonlinear systems, and until recently most nonlinear estimation
problems were "solved" by various types of linearization and vector
space approximation methods; |

Recently, a great deal of effort has gone into studying a class
of nonlinear systems that possesses a great deal of structure itself —-
the class of bilinear systems. Several authors have beeﬁ'able to deviée
analytical technigques for such systems that are as defaiied and as power-
ful as those for linear systems. Moreover, the mathematical tools behind
bilinear system analysis include not only many of the veétor space
techniques that are so valuable in linear system theory but also a number
of toeols drawn from the thecries of Lie groups and differential geometry.
This pcin£s out the neceséity of viewing the dynamical séstem of interest
in its most natural setting, rather than forcing it into the vector
space framework.

Both the Lie theoretic and vector space settings have proven to
be useful in the study of bilinear estimation problems, and a number oé
important and illuminating results have been uncovered. It is the pur-~
pose of this paper to expla%n the practical and mathematical importance

of these results. In Section II we view the basic mathematical formulation
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of interest to us, and in Sections ITI-V we discuss several important
practical problems that fall within this framework. These include a
large class of‘synchronous comnunication problems, the problems of
altitude estimation and the tracking of an orbiting vehicle, and the
estimation of pollutant concentrations in a diffusive atmosphere subject
to random wind effects and fluctuations in the soufce rate. These by
no means cover all of the potential applicaticons for our bilinear esti-
mation results, but they do indicate the range of problems that can be
considered. We refer the reader to the references for other applications.
In Sections VI-VIII we review the techniques that have been devel-
oped for bilinear estimation. In Section VI we describe a class of
bilinear systems for which complete analysis is possible, and we display
the optimal, nonlinear, finite-dimensional estimation equations for an
example. The Lie-theoretic significance of these results is also dis-
cussed. In Section VII the use in estimation system design of harmonic
analysis on groups is explored in the context of synchronous communication
and orbital tfacking. This represents a potentially powerful toeol in the
design of high performance, implementable estimation systems. A second
approximation method, based on the truncation of the cumulants of a
random process, is studied in Section VIII. This approach is more closely

related to the usual vector space techniques.



II. Stochastic Bilinear Systems

In this section we briefly describe the several classes of
stochastic equations that will be considered in the remaining sections
of this paper. The basic deterministic bilinear equation considered in
the literature [1] - [9] is

. N : ‘
= 2.1
x(t) =|a_ + > u (£} Al x (£) (2.1)
i=1
where the Ai are given n x n.matrices, the ui are scalar inputs, and x
is either an n-vector or an n X n matrix. As discussed in [1], the
additive control model
. N :
x(t) = (B + 3 u.(t) B, | x (t) + Cu(t) (2.2)
o AT | i .
i=1 . .
{here u is the vector of the ui) can be reduced to the form (2.1) by

state augmentation. Also, if we apply the bilinear feedback law

ui(t) = vi(t) Ei (x(t)) + ui(t) (2.3)

where vi and ui are scalars, and £i is a scalar—vaiued linear function
of %, our system equation becomes |

. N _ _

x(t) = [a_+ izl (v, (t) P‘i("“_;” + gi(tnai] x(t) (2.4)
which involves products of state variables. ‘By-including several feed-
back paths, we can obtain essentially arbitrary polynomials in the state
variables. |

In this paper we will consider equations such as (2.1) in which
the ui are. stochastic processes. Such systems have becomé considered by

several authors [9] - [27]. We refer the reader to [10] - [16] for
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detailed discussions of the properties of such stochastic models,

One must be careful in considering stochastic wversions of (2.1).
For instance, if u{t) is a vector zero mean white noise with

Efu(t) u(s)] = R{t) § (t-s} (2.5)

the Ito stochastic differential analeg of (2.1) is

N N
1
dx(t) = {[Ao +3 z Rij {t) AiAj]dt + .2 Aidvi(t)} x(t) (2.6)
i,j=1 i=]

where v is the integral of u (i.e., it is a Brownian motion process).

We define L, = {Ai}LA to be the matrix Lie algebra generated by

N
{Ai} -- i.e., it is the smallest subspace that contains the {Ai} and
i=o

is closed under the commutator product
= - 2,7
[MI' M2] M1 M2 M2 Ml t )

One can show that in the deterministic case with X an n x n matrix, if

x{o) is an element of the matrix Lie group

B B B
G = {exp L}G ={ele 2 ..e™ l B, € L} (2.8)
then x(t) is an element of G {(for all t 2_0). In order to make a similar
statement in the stochastic case when u is a white noise, we must include
a correction term, as indicated in (2.6}.
Another case of considerable importance arises if u is generated

by a finite dimensional linear diffusion process
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dE (t)y =F(t) E (t) dt + g(t) aw(t) + a(t) at - {(2.9)
ult) = =H(t) £ (t) (2.10)

where ¢, F, G, and H are known and w igs a standard Brownian motion process
{(E [Aw(t)aw' ()] =TI dat). In this case, x by itself is not a Markov pro-
cess, but the pair (x, £} is. Augmenting the state with £, we obtain a
stochastic equation of the form (2.4}, where the v, = 1 and some of the
ui are white noises while the others are zero (see several examples in
the following sections). We note that one can shoﬁ {16], [17] that in
this case no correction term need be added to (2.4). Also, the right-
hand side of (2.4) does not satisfy the global Lipschitz_ conditions
often assumed in proving the existence of solutions toI to differential
equations [28], [29]. Again, one can shbwn [15], Iéoj,,téol, [31] that-
this causes no problems in the case when (2.45 aJ;.'iSF_\s ffom (2.1} driven
by the colored noise (2.9) - (2.10).

In the remaining gections of this paper, we will consider the
estimation of processes dgscribed by stochastic bilinear'equations of
the'types just discussed. We now briefly describe the various types
of measurement processes that will be considered. We also refer the
reader to the references [16] - [27] for more on these estimation pro-
blems.

One very important measurement process consists of linear

measurements corrupted by additive noise
dz(t) = L(x(t)dt + dv(t) ﬂ (2.11)

where L is a linear operator (recall X is either an n-vector or an n x n
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matrix) and v is a Brownian motion process. A second observation model is

the "multiplicative measurement noise" case

Z2{t) = X(t) v(t) (2.12)

in which Z, X and V are all n x n matrices. The third and final measurement

process is described by a bilinear dynamical equation

N
1
dz(t) = {[Ao +3 i§=1 Rij(t) AiAj] dt

N -
+ 5 L (x(t)) dat + av, (1)) A} z(8) (2.13)
=5 * 1

Examples of each of these processes will be given in the next few sections.
We close this section by noting that many but not all of our

results are motivated by considering these estimation problems in the con-

text of Lie group theory. We refer the reader to [1] - [5], [10], [1l®&],

(17), and [20] - [23] for more on this subject.



III. Estimation Problems Arising in Communication Applications

An important problem in a large number of‘communibations‘appli-
cations [101, [17], [19], [24], (251, [32] - [37] is the processing of

a signal of the form
r(t) = AE) sin (w_t + $(t) + v(£) + N(E) | (3.1)

where L is a known carrier frequency, ¢ is somgltype of‘modulating
information, v is a random phase drift, A is the sinusoidal amplitudé,
possibly containing modulatiﬁg information and/or noise, and N isg
additive channel noise. As discussed in [10], [17], [19]1, [24], [25],
and [34], a number of specific problems that fit into the general form
given by (3.1} can be modeled by equations of the type descfibed in the
preceding section. In this section we illustrate_these ideas by
considering'several specific examples.

Example 1: We consider a phase tracking problem of impqrfance in radio
navigation systems such as Oﬁega [38]. This problem has been studied
in [24), [25}, [32] - [34]) and [36]. Thé'solution technique developed
in [24], [25] is discussed in Section VII.

Suppose we receive the signal

Z(8) = sin 8(8) + x/7 (8) wit) (3.2)
where
) + 1/2
B(t) = wct +6[ q (s) ds + Bo | {3.3)

and v and w are independent standard Brownian motions, gq(t) > O,
r{t} > 0, and W, > 0. Also 90 is a random initial condition independent

of v and w. We desire to track the signal phase--- i,e., we wish to
-7=
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estimate 8(t) mod 27m given {z(s) | © < s < t}. Equation (3.2) is, of
course, only formal, since w is white noise. The I to differential

forms of (3.2) and (3.3) are

1/2

an(t) wcdt + g

(t) dv(t), ©O(o) = 90 (3.4)

dz(t) = sin O(t) at + /% (£) dw(t) (3.5)

and we take as our optimal estimation criterion the minimization of

Ef(1 - cos(8{t) - B(t)) | =z(s), Oiéitl-

Noting that we are essentially tracking a point on the unit
. . 2 . :
circle S° in the plane R , we can reformulate our problem in Cartesian

coordinates. Let

X = sin 6(t), x, = cos 0(t) (3.6)
then
\ 1/2
dxl ()Y | -g({t) dat/2 wcdt +q (t) dv (t) xl(t)
1/2
dx, (t) -'(wcdt +q (t) dv (t)) -q(t) dt/2 x2(t)
1/2

az(t) = x, (&) at + r'/° (£) dw(t) (3.8)

which are of the bilinear process - linear measurement type discussed in
Section II. Note that (3.7) describes what appears to be a damped

oscillator; however the damping terms are the correction terms reguired

by Ito calculus,-and cne can show that
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E(x2(t) + xg(t)) -1 | ' (3.9)

(see [16], [17] for further discussion}.
In Cartesian coordinates our estimation problem is to choose

an estimate (;l(t), §2(t)) on the unit circle = i.e., such that

% (t) + x. (t) =1 : : ' (3.10)

If we use the least sguares criterion

3= 172 ELlxy (8) = %, (£)° + (5, (8) = %, (en’fals), 0 < s < ] (3.11)

subject to (3.10),or equivalently subject to

%, (t) = sin B(e), %,(t) = cos Br) o (3.12)

our criterion reduces to

J=E[l - cos (B(t) - Bt ]z(s), 0 <5< t] (3.13)

-=- i.e. (3.13) represents a contrained least squares criterion. One can
show that
(R (e|t), & (e|en)

& (), %y (8) = - - (3.14)
Vielo + £eelo

or

~ - x, (£]€)
B(t) = tan = ——— (3.15)

;:2 (t]e)

where
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x, (t|t) = Elx () |z(e), 0 €5 < £],i = 1,2 (3.16)

Referring to Figure 3.1 we can see the geometric significance of this

criterion. We note that one can show that

P(t) =\J£i (tley + ﬁi

(ele) <1 (3.17
and the quantity P(t) is a measure of our confidence in our estimate.
Specifically if 8 is a normal random variable with variance y, then

(see [16] - [18], [24], [25])

P = \ﬁE(sin en2 + [Elcos 9)127= e Y72 (3.18)

so ¥ = 0 (perfect knowledge of 6) = P = ]

and Y = ® (no knowledge) ==>» P = 0,

Example 2: Consider the demodulation of an FM signal in the presence of
both phase and additive channel noise. Specifically, suppose the received

signal process is

t
dz(t) = sin (wct +g Jf x(s) ds + _/x r-:]'/2 (s) af(s)) dt + rl/z(t) dw (t)
o 6
(3.19)

where x, the modulating information to be recovered, arises from a linear
diffusion process

/2 () avie) (3.20)

dx(t} = a(t) x {t)dt + q
Here £, w, and v are independent standard Brownian motion processes.
Equations- {3.19) and (3.20) can be replaced by equivalanet

equations in a manner similar to that used in Example 1. Our state
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Fig. 3.1 Illlustrating the Geometric Interpretation of the Criterion

E[l -cos(B-g)]
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equation becomes

—dxl_] B ~edt/2 (w, + gxj)at + e%at o o "'xl"
dx2 —(wc + gx3)dt - ellzdt -edt/2 0 — 0 X,
dx3 ] 0 0 a ql/zdv 83
dx4 o 0 0 0 Xy
L L ity

dz = x, dt + r:l/2 dw (t) (3.22)
where X, = X and X, = 1 (this is the type of augmentation we use to

"bilinearize" linear systems [l]. Note the products %) Xy and Xy Xy in

(3.21).
Example 3: In this example we consider an FM problem with phrase noise
only. This problem was considered in [16] - {19], and we refer the reader
to [19] for Ffurther discussions of examples of this type. Suppose we
observe the signal

t t

zl(t) = sin (wcdt + gf hi{s) x (s)ds + éf qlfz(s) dw(s)) (3.23)

where x is given by {3.20) and w, a standard Brownian motion independent
of x, represents a random phase drift. A number of physical sources for
such noise are discussed in [19]. We note that in standard FM systems

involving 1imiter-discriminators, additive channel noise‘is processed in

such a manner as to yield frequency and phase deviations (see [37]lr [391).
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Also, such models arise in fhe problem of tracking drifts;in high
quality oscillators used as frequency standards or high-precision clocks
[19], [401, in the problem of recovering velocity information from Doppler-
shifted signals [19], [41].

As discussed in a number of references, given the. signal (3.23),

there are methods for generating the additional signal

t . . t
zz(t) = cos (wct + f h(s) x(s) ds + of qu(s) aw (s) (3.24)
s A

(see the method described in [19] in which thé total phase of (3.23) is

reconstructed with the aid of cycle counters). Defining

[z (%) z, {t)
Z(r) =| ° 1 (3.25)
--zl(t) zz(t)
[ | t ot -
cos (w t + f h{s) x(s) ds) sin (w_t +J h{s) x(s) ds)
X(t) = . |
t ) t
Fein (w t + of h(s) x(s) ds) cos (w_t + of h(s) x(s) ds)
' (3.26)
B t t =
cos f qI/Z (s) aw(s) sin f qu2 (s} aw(s)
Wit) = o o
t o2 t 2
-~sin f q (s) dw(s) cos f q (s} aw(s) | (3.27)
L 3 o o’ | .
we find that
-gdt/2 (wc + hx)dt + ql/zdw

--(wc + hx)dt - g -qdt/2

{3.28)
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which is a bilinear observation equation. Similarly, X and V satisfy

bilinear stochastic differential equations. Also, we have
Z(t) = X(t) v{t) (3.29)

-=- i.e. Z can be thought of as a measurement of X in multiplicative necise.
Note that the estimation of X, instead of x, corresponds to tracking,
rather than demodulating, the signal phase.

Finally, we make several comments about the matrix Lie group
on which X, V and Z evolve. This group dencoted by S0(2), is the group

of 2 x 2 orthogonal matrices of determinant +1 -- i.e.,
so(2) = {x|x'x = 1, det X = +1} {3.30)

As developed in [16]) - [19], each X £ S0(2) can be written in the form

cos 9 sin 6
X = , 8 € [-7, Wl (3.31)

-sin € cos ©
and 50(2) is isomorphic (as a Lie group, [421, [43]) to the circle Sl.
Also S0(2) is an abelian Lie group -- i.e.
XY = YX X, ¥ € 50{2) {3.32)

and the multiplication (3.32) corresponds to the mod 27 addition of the
corresponding angles in the representation (3.31). We note that a con-
sequence of the commutativity of SO(2) is the fact that Z can be written

in both the bilinear form (3.28) and the multiplicative form (3.29).

Example 4: As discussed in [17], the real line R; and the circle S1

are essentially the only abelian Lie groups, since‘any abelian Lie group



~15~

G is isomorphic to a direct product of a number of copies of each. TFor
instance, the group D of nonzero complex numbers is isomorphic to

Rl b3 Sl under the map

(r, 8 — P rer’, be(-m,m (3.33)
Consider the R2 process x' = (xl, le'

dx(t) = A(t) x(t) dt + B(t) dw (t) (3.34)

where w is a standard two-dimensional Brownian motion, and also consider

the D-valued signal process

v, {t) + iy (t) .
z(t) = e T 2 . (3.35)

where
dy(t) = x{t) dt + dvi{t) ' _ (3.36)

Here v is a 2-dimensiocnal Brownian motion process independent of x. We
note that z satisfies a fomplex) bilinear stochastic differential equation

and also that we have the multiplicative form

z(t) = (3.37)

[vl(t) + iv2(t):| [o/t"‘_l‘s’ + dx,(s)) ds}
e e
Thus z is both amplitude and angle modulated, and the noise is a malti-
plicative -lognormal process [19], [44], including bofh phase and ampli-
tude noise.

We note that the‘multiplicative lognormal noise process in (3.37)

is an important model in some optical communication problems [44]. 1In

many cases, changes in the transmission medium -- e.g., turbulence in the
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atmosphere -- cause variations in the refractive index of the air. This
disturbance can be modeled [44) ags a multiplicative lognormal noise pro-

cess as in (3.37). Also, if v, and x. are zero, (3.37) is identical to

1

(3.29) if we observe that the set of unit modulus complex numbers, as well

as S0(2), is isomorphic to Sl.



IVv. Estimation of Rotational Processes in Three Dimensions

As we have seen, many_communication problems caﬁ be placed in the
framework of estimation of processes evolving on the circle sl - i.e.,
processes of rotation in one dimension. In this section we formulate
several problems of practical importance involving rotation in three
dimengsions. As we shall see in this and in later sections, these problems
are considerably more difficult than the one dimensional problems, since
rotations in three-space do not commute [13], [22], [27], [45], [46].

The problem of estimating and céntrolling the angular velocity
and orientation of a rigid body has been studied by many authors [92],
[22], [27], [45) - [48] and is of great importance in many aerospace'
and inertial navigation applications. Such problems are by no means
trivial, and most of the techniques that have been developed are sub;
-optimal in nature. One feature of the rigid body orientation - angular
velocity problem that has received some attention in the past is that
the space of possible orientations is a Lie group [22], [27], [48]1, and the
combined orientation - angulaf velocity space is the "tangent bundle"
of ;he orientation space and thus is a homogeneous space [49]. The
framework cof differential geometry and Lie theory has proven useful
in studying rigid body rotation problems. In fact, there are Lie-theoretic
interpretations of four of the most widely used representations of the
attitude of & rigid body -- direction cosines, Euler angles, unit
quaternions, and Cayley-Klein parameters.

We will consider here only the directioncmsinedescription and
refer the reader to [22] and [48] for discussions of thé other representa-

tions.
-17~
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The orientation of a rigid beody can be specified in terms of
the directicn cosines [46] between two sets of orthogonal axes --
one rotating with the body and one an inertial reference frame. The
direction cosines are usually given as a 3 x 3 orthogonal matrix X of

positive determinant -- i.e.

X'k = I det X = +1 | (4.1)

The set of all direction cosine matrices forms the matrix Lie group
so(3) [l31, [16], [22]; If the 3-vector £(t) is the (properly ccordinatized,
[46}) angular velocity vector of the body with respect to inertial space,
the time evolution of the orientation of the body can be described by the
bilinear eguation

-3

xte) = (5 E, (£) RIX(L) (4.2)
i=1 '

where X(t) € SO(3) and the R,, given by

- iy - T - -
0 0 0 0 Q 1l ¢ -1 0
Rl = 0 0 -1 R2 =1 0 0 0 R3 =11 0 0
o i1 0 -1 0 0 0 0 0
- - b - h -
(4.3)

form a basis for so(3), the matrix Lie algebra associated with S0(3).
It is well known and easy to check that 80(3) is not an abelian
Lie group and, eguivalently, that so(3) is not an abelian Lie algebra

(i.e., commutator products are not identically zero). In fact SO(3) is
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a simple Lie group [16], [22], [50), and it is this facﬁ,that makes the
study of dynamics on S0(3) so difficult. Recall that in- the S0(2) case

we were able to represent solutions to bilinear equations by terms of

the form
t
X(t) = exp (R f £(s) as) (4.4)
o]
where
0 1
R = , (4.5)
-1 0

is a basis for the one-dimensional Lie algebrg of 50{(2). Wei and Norman
[51], [52] have shown that one can cbtain similar local expressions for
the solution to equations of the form (2.1) but that such solutions are
global only in certain cases -- i.e., if the underlying Lie algebra is
solvable {(see [10], (16], [22], and Section VI of this paperlfor a
discussion of the significance of this statement). As simple Lie algebras
are not solvable, we obtain no such global representation here, and as
we shall see, we must resort to suboptimal methods in thé design of
attitude estimation systems. We also note that the local Wei-Norman
representation of the solution of (4.2) corresponds to the Euler angle
description, which is well known to exist only locally {see [22] and
[46], where this fact is related to the phenomenon of "gimbal-lock").
Suppose now that the angular velocity vector in (4.2) is stochastic.

Specifically, we suppose § satisfies

dE() = £(t)at + ale) £ mat + 072 ) aw(n) (4.6)
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where f and Q > 0 are known, E£(0) is normally distributed, and w is a
standard 3-dimensional Brownian motion process independent of £(0). Here
f can be thought of as a vector of (known) torques acting on the body,
and the Brownian motion term represents random disturbances (e.g., those
caused by noisy responses of control devices, such as reaction jets, that
are used to implement the desired torque f, oxr the effect of a gravity
gradient).

Note also that the angular velocity equation (4.6) that we have
postulated is simpler than the usual nonlinear Euler equations [46].
Equation (4.6}, with suitable choice of £, A, and Q, can be viewed as
a reasonable approximation if: (1) the rigid body is nearly spherically
symmetric (so that the principle moments of inertia are almost equal --
in this case the nonlinear terms in the Euler equations are small and may
be lumped into the random disturbance term); or (2} we linearize Euler's
equations about a nominal (which might be included in the f£(t) term):
or (3) we make Q(t) large enough so that the nonlinear effects can be
viewed as process noise.

We now can describe two different measurement processes —--—
one motivated by a strapdown navigation system, and the other by an
inertial system in which a platform is té be kept inertially fixed.

In a strapdown system, [46] one receives noisy information about either
angular velocity or incremental angle changes. Assuming that the size
of the increment is small, either type of information can be modeled

by the I to equation

dz(t) = c(&)E(t)at + 5272 (t) av(t) 4.
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where § » 0 and v is a standard Brownian motion process, independent of
£. This equation is the precise analog of the usual (formal) observation

equation (for rate gyroscopes)
z{t) = C{EIE(L) + ¥(t) (4.8)

Here v is white gyro noise. BAnother possible observation model is pro-

vided by integrating gyroscopes, in which case we observe
t
m{t) = C(t) "[ E (s)ds + N(t) (4.9)
o

Here N represents a gyro drift. Usually when using a model 1ike {4.9),
one assumes that the drift is a correlated'process. This adds no real
difficuLty to the problem, since there are simple techniques for handling
measurements with additive colored noise [53]. 1In fact,.the.consideration
of the process (4.9) rather than (4.8) adds no difficulty to the analysis,
and thus we will concentrate én {4.8).
In the usual strapdown system the information (4.7) is processed

by a "direction cosine compuﬁer," which produces 2 (t), the solution of

3 1

3
dz(t) = R, dz, (t) + =
izl i 2 121

1w

L (R R At | Z(t 4.10) -
. 513( )R, 3 (t) ( )

3
Our problem is to use the information supplied by z or 2 to compute "good"
estimates of the angular velocity £ and the orientation X. Thus, if

we take {4.7) as our basic measurement equation, we have 1iﬁear observations,
while (4.10) yields a bilinear measurement process.

A second type of cbservation process is suggested by an inertial

system equippedwith a platform that is to "instrument" (i.e. remain fixed
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with respect teo) the inertial reference frame. Suppose we use the
notation b-frame for the body-fixed frame, p-frame for the platform
frame, and i-frame for the inertial reference frame. Letting Cg (t)

denote the direction cosine matrix of the B-frame with respect to the

a-frame, we have

X(t) = C; (&) | (4.11)

Also, by noting the relative orientation of the platform and the body

(perhaps by reading of gimbal angles [46], we can measure

M(t)

&) (4.12)
let P

vit)

ci’ (t) (4.13)

Then V(t) represents platform misalignment -- a drift of the platform with
respect to inertial space due both to drifts in the gyroscopes used to
sense rotation of the rigid body and also to inaccuracies in the
mechanism that rotates the platform relative to the body in order to keep
it inertially fixed. If we model gyro drifts and the cother inaccuracies
as Brownian motion processes, a reasonable model for V is as an SC(3)

Brownian motion, {131, [16], {221, [54]:

3 3 3 :
1
av(it) = R.dv. (t - . R, 4.14
(t) zl (v, (€) + ; iz z 5;;(ORRAt [ V(B) (4.14)
i= =] i=1
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where v is the Brownian motion process with Efdv(t)dv'(t)]l= S(t)dt.

Using elementrary properties of direction cosine matrices [46], we have
M(t} = Cg(t) = C?(t) C;(t) = Ci(t) [C?(t)]' = X({t)V'(t) (4.15)

(muitiplicative observation noise) and, using (4.2) and (4.14) {plus the
fact that Ri = —Ri), we have the following stochastic differential
equation for M: |

5

| 3
ante) = | 3 RE (0] M(n)ae + m(t) |- T Rav,(6) + ) 5,4 ()R R AL
i=1l i=]1 i .

3
i, 1=
(4.16)
Again, we wish to consider the problem of estimating E and X given the
observation process M.

In many inertial systemsrthe type of‘information that is avail-“
able is in the form of "pulses" [46] from ﬁhe gyros. If this is the case,
it is logical to take the incremental equation (4.10) as.the basic sensor
equation . Also, for the second cbservation process, if we take the
incremental gimbal angles as the guantity we observe, equation (4.16)
becomes the basic measurement egquation.

Now consider (4.2) with the 3 x 3 matrix X replaced by the 3-vector
x. Assuming that x' (0} x(0) = 1, we have that x'(t) x(t) = 1,¥t -- i.e.,
x evolves on Sz, the unit sphere in 3-space. The study of random processes
with constant "energy" is of importance in a number of fields -- including
DC to DC conversion [55], statistical mechanics [56], and satellite orbital

analysis [16], [571, [58]. We briefly describe a simplified version of
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a satellite tracking problem of great practical importance.

Consider a satellite in circular orbit about some celestial body,
such as the moon. Because of a variety of effects including anomalies in the
gravitational field of the body, effects of the gravitational fields of
nearby bodies, and the effects of "solar wind", the orbit of the satellite
is perturbed. For simplicity, we assume that the perturbations of the
orbit are tangential only -- i.e. the radial effects are unimportant or
have been corrected for. In this case, a stochastic version of (4.2)
arigses. Suppose the angular velocity £ of the vehiéle with respect to
body can be written the form

E(t) = £(t) + w(t) (4.17)

where f is the nominal orbit ("carrier") angulary velocity and w is a white

perturbation with
Elw(t)w(s)] = 0Q(t)8(t-5) (4.18)
The stochastic analog of (4.2) then is

3 3
dx(t) = {[i§1 £.0A, + i,jz=1 Qij(t) AiAj]dt

3
+ -ZiAidwi(t)} x(t) (4.19)

If we are then given noisy observations of the satellite position
1/2
dz{t) = H({t) x(t)dt +. R 7{t} dv(t) (4.20)

where v is Brownian observation noise independent of x and R(t) > 0, our

problem is to estimate x(t).
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We note that the assumption that the angular velocity perturbations
are white is a simplification. For instance, the anomalies in the moon's
gravitational field are spatially correlated and constitute a random
field [29], [57], [58], which can be estimated [5B] from the cbserved
data -(4.20). However, the computations involved in such an estimation
are of such magnitude that they must be computed off-line. The simpler
model (4.19) may lead to simple but accurate on-line trécking schemes
(see Section VII). Alsoc, by including perturbations with time correlation
consistent with the period of the orbit, we may be able to make estimation
systems based on {4.19), (4.20) "smarter" with only minor complicatidns
in tracking system design. We hote that (4.19), (4.205 is a diréct
52 analog of the Sl incoherent oscillator tracking problem described in
Example 1 {incoherent orbiters?}.

In fact, we can again use the conﬁtrained least-squares criterion:
minimize

Ef(x(t) - X(t))' (x(t) - () | z(s), 0 < s < ¢] (4.21)

subject to
163 (t)||2 =X"(t) X(t) =1 (4.22)

It can be shown that, as in the Sl problem,

x(t]£) (4.23)
I xtelo) ||

x(t) =



V. Estimation of Air Pollution

The problem of estimating the concentration of pollutants in
the air is a vital first step toward the goal of maintaining the air
pollution levels within safe limits. A recently developed stochastic model
for air pollution [63], [64] inwvolves partial differential equations
which, when discretized, become discrete-time bilinear equations
(see [65], [66] for discussions of discrete-time bilinear systems). The
advection-diffusion model of [63}, [64], which is a generalization of
the widely-used steady-state Gaussian plume model,_accounts for the
continuous fluctuation of meteorological factors by means of stochastic
mcdeling.

The transportation in air of a single-species pollutant is
approximated by the advection-diffusion equation

EE (x,¥,2,t) = - .‘}- - V Cix,y,z,t) + V(Kc V c(x,y,z,t))

9t
+ ﬁg(x,y,z,t} - v.V E]x,y,z,t) + qc(x,y,z,t}
(5.1)

where C is the pollution concentration; C is the mean of C; V and v are
the mean and the zero-mean stochastic component of the wind velocity:
6; and q, are the mean and the zero-mean stochastic component of the
pollution source rate; and Kc is the eddy diffusivity. For the boundary
conditions associated with (5.1), see [63], [64].

For practical implementation, the advection-diffusion eguation

(5.1) is discretized both in space and time, resulting in the finite

dimengional system'of eguations

-26-
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A x(t+l) = [2I. - A + E (vD)] x{t) + D+ L 6; + I'{x(t)) w(t) (5.2)
T(x{t)) =

[G(x(t)) : L]

v(t)
wit) =
qc(t)
z(t) = H x(t) + E(t) . (5.3)

where x(t) is the vector of pollution concentrations in the cells of the
spatial discretization, and A, L, ﬁ{Vb], D, G, H, and I (=‘ideﬁtity) are
known constant matrices. The noise processes v(tf, qc(t), and E(t} are
assumed to be independent, Gaussian, and white. Since T (2(t)) is linear
in x(t), the system (5.2) is obviously of the discrete-time bilinear form,
and it is driven by fluctuations in the wind velocity and source rate.

We will not consider specific estimation schemes.for the system
{(5.2) -~ {5.3); however, we remark that the cumulant method of Section VIII
may provide a useful suboptimal approach to the problem. In {63], [64]
it is assumed that ' (x(t)) is slowly varying, and a suboptimal filter,
which employs a non-Riccati estimation algorithm using incremental
covariance [67)], [68], is designed for the resulting "linear" system.

Finally, we refer the reader to [80] for a discussion of
deterministic bilinear systems described by partiél differential equations.
alsc, if we discretize in space only, we obtain continuous-time bilinear

equations, and the techniques of Sections VI and VII may be applicable.



VI. Finite Dimensional Optimal Nonlinear Estimators

In this section we will consider the estimation problem for a class
of systems evolving on nilpotent or solvable Lie groups [10], [1&], [22],
[69]. The equations we will consider are motivated by the strapdown

navigation system of System IV =--

d & (t) =F(t) £ (t) at + Qlfz(t} dw (t) (6.1)
n
X(t) = (A + E.(t) A)) X(£); X(o) = I (6.2)
O . 1 1
i=1
dzl{t) = H(t) £ (t)dt + Rl‘/z(tJ dv(t) (6.3)

where £ (t) is an n-vector, X (t) is a k x k matrix, z (t) is a p-vector,
w and v are independent standard Brownian motion processes, Q > 0,
R > 0, and £ (0) has a Gaussian density independent of w and v.

The criterion for the optimal estimate i (tlt) will be the

minimization of
E [tr {(x(8) - ()" (x(t) - X(t)) }z(s), 0 < s < t},

where "tr" denotes trace. It is well known [28] that this minimum-variance

estimate is given by the conditional mean

Q(tlt) = E'rxee)) 4 E(x(t) [z(s), 0<s < t},

In general, the computation of § (tItJ requires an infinite-dimensional system
of equations, and approximations must be made for practical implementation
(see the related comments in (28] and Sections VII and VIII). Thus it is

of interest to study .systems for which the optimal minimum variance estimator

is dimensional (and thus implementable on-line with a digital computer) .
=28~
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Throughout this section, we assume that {Ai}LA’ the smallest Lie
algebra which contains {Ai, i=20, 1,...,n}.is solvable; this is equivalent
to the existance of a complex nhonsingular k x k matrix P such that, for
all elements A in {Ai}LA' the matrix P A P-l is in the upper triangular
form where aij = 0 for i > j and the other elements are arbitrary (see
[69] for further details on solvable Lie groups and Lie algebras). Thus
we will assume that the matrices {Ai} in (6.2) are in upper triangular
form; this implies that X evolves on the solvable Lie group Gs(k) of
nonsingular upper triangular k x k matrices.

First we consider the Lie subgroup GN(k) of upper triangular
k x k matrices with aij =1,i=1], ..., ky this is a nilpotent Lie group.
The corresponding nilpotent Lie algebra LN(k) consists of the strictly
upper triangular k x k matrices. In this case, because the Peano-Baker
series is finite, X (t) can be expressed in closed form in terms of a
finite number of integrals in which the integrands are products of the
components of £. We can show that, for the system {6.1}) - (6.3)
evolving on GN(k)' the optimal estimate ﬁ(tlt) can be computed by a finite
dimensional nonlinear fiiter. The starting point of the derivation is a
closed-form expression for X (t).

For simplicity, the filter will only be derived for n = k = 3,
but the result can also be proved by induction for higher-order systems.

Let A_ = 0 and
o

0 1 d- 4] 0 1 ¢ 0 o]

Al = 0 o 0 AZ =10 0 0 A3 =0 0 1
lo o o . 6 0 0 o 0 0

| (6.4)
Then {A,, B, A3} is a basis for L (3). The solution of (6.2) can be

expressed in closed form as
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t t £t 0
[~ 1 —_
1 jf £,(0)do Jf £2(0)d0+Jf jr 51(01)53(02)dczd01
Q o] o0
t
L) = 0 1 E_(o)ao

[t

0 0 1

(6.5)
Before stating the major thecrem concerning the computation of

~ .
X(t|t), we need two preliminary results.

Lemma 6.1l: Consider the linear system (6.1), (6.3), and define

{for 0 < t)

E*1E(0)) = Ealt) = EIE@) | z(s), 0 < 8 < ¢] (6.6)

Then the conditional cross-covariance matrix

P(o,, 0, &) = EIE()) - £ |0 (B0 - E(o,]0n7]zt), 0 <5 < t]
{6.7)
is nonrandom -- i.e., it is independent of {z(s), O £s f_t}.

The proof of Lemma 6.1 is based upon‘the fact that the error co-
variance matrices for the linear Gaussian estimation and smoothing problems
are nonrandoem {71]. This lemma allows the off-line computation of
P(cl, 02, t) via Xwakernaak's equations [72] (for o

<
1205

P(O), O, t) = P(Ull W'(ozr 01)
t -1
-p(ol).lé[ T'(T,cl) H*{(T) R (1)} B(T} ¥ (7, Uz)dT] P(02)

2
(6.8}
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d _ . -1 . -
Sye,m = F(©) - PIOE(D R (OEE)] ¥, ¥, =1 (6.9)

where the Kalman filter error covariance matrix P(t) = P(t, t, t) is com—

puted by the Riccati equation

I.?(t) = F(£) P(t) + P(t) F'(t) + Q(t) - P(E)H" () R L (t) H(E) P(t)

{(6.10)
Lemma 6.2: The conditional cross-covariance satisfies
P(0, £, t} = K(t, O) P(t) {6.11)
where
a ' s -1 ' [} — ’
qt K'(t,0) = ~[F* (£} + P ~(t) Q(t)] K {t, O); K'(0, 0) = I {6.12)

This lemma follows easily from some identities in [73]. Equation
(6.12) implies that K'{t, 0) is a transition matrix satisfying the semi-—

group property
K'{t, 0) = K'{t, s) K'(s, O) {6.13)

These properties of P(d, t, t) are crucial in the derivation of the
next theorem, which states the major result concerning the computation

of X(t}t).

Theorem 6.1: Consider the system of equations (6.1) - (6.4).
The conditional expectation ﬁ(tlt] is generated by the following finite-
dimensional nonlinear filter. First, augment the state of the linear

equation (6.1) by writing
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Al a7
dE(e)| | F(t) 0 0 0 . E(t)
dan(eit|z 0 0 0] ' nit)
do(t) [] jl(é(t,d)eidﬂ' 0 ~[F'(£) + P l(o)g(e)] o a(t)
e || o0 ey O ~1F(e) + P00 1][Bee)]
ot (e
0 .
+ dw {t) . (6.14)
0
L.
n¢o) = a(0) = B0} =0 (6.15)
dz{t) = [H(t)) O 0 0] E{t;1 at + &2 (&) av(e) (6.16)
n(t)
a(t)
B(t)
R

where X(t, ¢} is given by (6.12), and P{t) is given by (6.10). Here
Kj(t, 0) denotes the jEE-row of K({t, ¢) and ei is the iEE unit vector in
R3.

Then the Kalman filter [28] for (6.14) - (6.16) yields the
conditional expectations g(t|t), ﬁ(t[t), a(tlt), and ﬁ(t‘t). The con-

ditional expectation ﬁ(tlt) is computed by

1 n, (e ny(ele) + yeele
R(tfe) = 0 1 ﬁ3<t|t) (6.17)
0 0 1 _

dat
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where

~ ~ t
ay(t]e) (€, te]e) nytelv) + f P 4(t, O, t) do] dt
o]

for cele) + B'(e[€)1 BPCE) B () R (6) [Az(t) - H(t) £ (t|e)dt]

+

y(o]|oy =0 (6.18)

Proof: All the terms in (6.17) result from linear filtering theory
A~
[28], except for Y(t[t). In the derivation of (6.18) we will frequently
use a version of Fubinis theorem [74] which allows us to interchange

integrals with conditional expectations. Notice-that
t (0]
?(tlt) = Et[f /-l E.(g.) E_{o.) 4o, do.] {(6.19)
g 4 1771 7C3°2 2 1

Thus if we define Yy by

ay(t) = [gl'(t) Z £4(0) do) at
= Eltt) n3(t) dt : (6.20)
y{0) =0

then Kushner's equation [2B] yields the conditional expectation
~ t
ar(ele) = ETE (t) ny(t)] at

+ E iy - ?(tlt) E(e])} Bt ()R (e [dz(t) - H(E) £ (t|t) at]
(6.21})

From the definition of P(Gl. 02, t) it follows that
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~ A t .
t _ 1., ‘
EVIE, (t) n ()] = Elctlt) n3(t|t) +6[ P,y (t, 0, t) do (6.22)

Considering the second term in (6.21),

ESiy(r) £,(0)] = yeele) g (el
t 1 t Y t
—f jq {€ (&, (0)) E (o) E, ()] - Ei(tlt) ETLE; (0,) «23(02)1} do,do,
6 O
5 t t
=fojq {Plitcl, t, tJ E [E4(00) + P . (0,, £, t) E {El(crl)]} 40,40,
(6.23)
where the last term in {6.23) is a result of the definition of P(Ul, 02, t)
and the expansion of the third order moment of a Gaussian distribution

[75].

Thus by Lemmas 6.1 and 6.2

vy e )] - yie|t) B (tle)

f f {K {t, 0,) ET 153(02)] + K,(e, 0) E* [‘c:l(sl)]} P(t) do,do,

]

E If X, (£, 0,) n,(0)) do, + 6[ £ (o)) Z K, (t, 0,) do,do,} P(t)
Q
(6.24)

=€ ()1 + ES0 ) ) Ple) (6.25)

The fact that eguation (6.14) for a and B provides a realization of the
arqument in (6.24) is a direct consequence of (6.12)
Further insight into the structure of the optimal nonlinear filter

of Theorem 6.1 is provided by the equivalent formulation
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~ 3 ~ -~ t .
ax(t|le)y = (( Y AiEi(t[t]) xele) + B4 ojf P ,(t, O, ) dsl dat
i=1 :

( p——
o xe, @ Kzft,c>7
t ~ T ~
+</ 0 0 Ky(e, 0) | a0+ (@ (t[e) + B (t[ENE]
[}
0 o 0
\ - | -
LB(8)H' (6) R S(t) [dz(t) - H(t) E(t|v)at] | (6.26)

where Eij has a 1 as its (i, j) th element and zercs elsewhere. Th?s the
filter for ﬁ(t|t) contains a model of the original system (6.2) driven
by the innovations process dv(t) = dz(t) - H(t) g {t|t) and the outputs
of a linear filter (see the block diagraw in Figure 6.1).

In addition to providing the optimal minimum variance estimate,
it can be shown that the filter of Theorem 6.1 contains fewer states
than the extended Kalman filter [28] for the same system. This is due to
the on-line computation of the "approximate" error covariance matrix in the
extended Kalman filter.

Theorem 6.1 can be extended in various ways. First, it can be

extended to systems of the form (6.1), {(6.3), and

al(t) Sl(t) Ez(t) .
Y(t) = 0 a, (t) g, | v, vo) =1 (6.27)
0 0 a3(t)

with nonrandom diagonal terms a; i such systems evolve on the solvable

Lie group Gs(3). Second, the results are valid for systems evolving on
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Fig. 6.1 Block Diagram for Optimal Nonlinear Filtering on G,(3)

~gf -
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GN(k) and for systems with nonrandom diagonal terms evolving on Gs(k).
Finally, the results may be extended to observations of the form of (2.12)
or (2.13); in these cases, it can be shown [20], [26] that the observations
are, in a certain sense, "conditionally" linear. For all of these ex-
tensions of Theorem 6.1, it can be shown that the optimal minimum

variance filter is finite dimensional.



VvII. The Use of Harmonic Analysis in Suboptimal Filter Design

A very important result of harmonic analysis states that the
eigenfunctions of the Laplace—Betrami operator on a compact manifold
M are a camplete set of functions in LZ(M, ﬂ) {where || = Haar measure)
[43], [76]. In this section we will develop suboptimal estimation
techniques for bilinear systems evolving on compact manifolds by
employing an approximation to the conditional density which is based on
these eigenfunctions.

First consider Example 1 of Section III which evolves on the Lie
group Sl, described by (3.4) - (3.5) or (3.7) - (3.é). Asg discussed in
[24], the optimal (constrained least-squares) filter is described as
follows. The conditional probability density of 8 given {z(s}, O <s f_t}
may be expanded in the Fourier series (notice that the trigonometric
polynomials are eigenfunctions of the Laplacian on Sl)

L o

pld, t) = > e (t) ei“e (7.1)
n=-o
where
_ 1 -inf(t)
c (©) = 5= Ele |z(s), 0 < s < t]
= bn(t) - ian(t] {7.2)
Then
02
dcn(t) = -[;anc + —; q(t)]cn (t)dt
(c__ {t)=c__ _(t)) dz(t)+2nIm(c, (t) )4t
4fBl ___ntl + 2mc_(£)In(e, (£)) 1

2i - rlt)

—38- (7.3
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~

8(t) = tan (a, (t) /b, (8) (7.4)

. 1l . .
Since c =37 and c_, = c; (where * denotes the complex conjugate),

we need only solve (7.3) for n > 1. The structure of the optimal filter,
which is illustrated in Figures 7.1 and 7.2, deserves further comment
(recall that c, = bn.- ian). The filter consists of an infinite bank of
filters, the nth of which is essentially a damped oscillator, with
oscillator frequency nw s together with nonlinear couplings to the other
filters and to the received signal. WNotice, however, that the ‘equation
This fact

for <, is coupled only to the filters for c cn-l' and c

1’ n+l”
will play an important part in our approximation.

In order to construct a finite-dimensional suboptimal filter,
we wish to approximate the conditional density (7.1) by a density
determined by a finite set of parameters. Several examples of "assumed
density" approximations for this problem are discussed in [16], [25], but

the most useful involves the assumption that p(8, t}) is a folded normal

density (see [16], [17], [24]) with mode n{t) and "variance" y(t):

+0 2 K
p(g, t) = A S e B Y{t)/2 em(B—n(t))

2T pe-w

= F(0; n(t), y(tdh (7.5)

This density is related to the normal density in the following way: if x
is a real random variable with density N{o:n,y), then 8 = x mod 2% has

the density

F(o:n,¥) = > N(a + 2nm;n,y) (7.6)

=00



dz +

Fig. 7.1
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ds, b, .
Filter L. ~ _](a

lllustrating the Form of the Infinite Dimensional Optimal
Filter of Example 1, Section TIT
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Fig. 7.2 Diagram of the c_ Filter shown in Fig. 7.1
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--i.e., we "fold" N(a;n,Yy) around the circle. We note that the folded
normal density is the solution of the standard diffusion equation on the
ciréle {i.e., it is the density for Sl Brownian motion processes) and

is as important a density on Sl as the normal is on Rl.

In this case, if c, has been computed and if p(6, t} satisfies

1

{7.5), then ¢ can be computed (for any N) from the equation

N+l

(N+1)2-1 |c I N(N-I-l)c (N+1)
1 :

c = (21) 1

N+1 (7.7).

Thus we can truncate the bank of filters described by (7.3) by approximating

CN+1 by (7.7) and substituting this approximation into the equation for

CN. This was done for N=1 in [25]; the resulting suboptimal filter

equations are

(z-2Ta.)
s o . a 11 _ .34 4 2
a (wcbl 5 al) + — [2 (211' sm (bl al)) 21Ta1]
(7.8)
[5-2ﬂa }
. q 1 2, .2
51 (Wcal + 2 bl) + (8w albl(al + bl) 2ﬂalb1] (7.9)
~y '—1
6 = tan (al/bll (7.10)

In [25], this Fourier coefficient filter (FCF) was compared to a phase-
lock loop [32] and to the Gustafson-Speyer "state-dependent noise filter"

(SDNF) {34]). The FCF performed consistently better than the other systems,

although the SDNF performance was gquite close.
Similar analyses and "assumed density" approximations can be

applied to the other examples in Section III; the reader is referred to
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[257, [28}, [35), and Section VIII of this paper.

Motivated by the success of the previous example evolving on
Sl, we will now extend these results to the system (4.19) -~ (4.20)
evolving on the spherxe 82. Following [3], [9], [10], we define the

-+
(% 2)—vector x[P] consisting of the pth order moments (homogeneous
p

polynomials) in bi, Xy x3):

L
P PP, P-P;-P, P, B, P, 3
- =1y > N
X Toxy, Uy T éél P;=Pi Py _70 (7.11)
P1/ \P2 Py
If y satisfies the linear differential eguation
y{t) = ay(t) | (7.12)
then y[p] satisfies a linear differential equation
7Pl = alPl Pl (7.13)

We regard this as the definition of al. 1t can be shown that if x

p)

satisfies (4.19), then x satisfies

3 3
Pl =15 @ a® 4+ 5 9, 4(®) Ai[P]Aj[p-] «Pliey ae

i=1 i, j=1

RS I
+ 5 A P x Pl aw () (718
£=1

The optimal (constrained least-squares) filter is given by the

infinite set of coupled equations
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3 Ip] 3
S 3o
i=1l i,j=1

aE P )1 Ip]

.. (E) A,
ij i

f E Pl x )7 - E5 Pl ) eV ikt (09 1)

H* () R'l(t) [dz{t) - H(t) Et[x(t)] dat

gle) 111

[x

(8] _ x(t]e)

et M @il (lzelo]|

%(t)

The structure of this filter is quite similar to that of (7.3) -
i.e., it consists of an infinite bank of filters, and the filter

is coupled only to those for x and x[P+1].

AjIp] Ef =Pl )1 at

(7.15)

{7.16)

(7.4) --

for x[P]

The similarities with the previous example are further illuminated

by considering the spherical harmonics [77], [78], which constitute an

. . . ; 2
orthonormal basis for the eigenfunctions of the Laplacian on S°.
introduce polar coordinates (6, ¢) on 82, where 0 < 8 <m, 0< ¢

by defining

X, = cos 0; x, = sin 0 cos o; x, = sin 6 sin ¢

The normalized spherical harmonics Ysze, ¢) are defined by [77]

sz(cos 0) eim¢

(L-m) | (Zﬂﬁn]l/z

m
pp(9r O = (-1) I:(£+m)l an

o - m *
Yo _n0 9 = 1T v} (6,0)

for £ =0, 1, ... andm=0, 1, ..., £, where Pp,(cOS 0) are the

We

< 2m,

(7.17)

(7.18)

(7.19)

associated
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Legendre functions.
According to the remark at the beginning of this section, any

. . 2 ‘ . .
square-integrable function on S~ can be expanded in a series of the form

£48,4) = }j Z tm Yo (8r 9 (7.20)
£=0 m=-£
where
ar T,
Cp, = Y (8,¢) £(6,¢) sin B8abdd (7.21)
£ ojﬂ cr/‘ fm

In particular, the conditional probability density function for our

. . 2 . .
estimation problem on §° can be expanded via the series

p(6,¢,t) = Z E Cpn(t) ¥p (8,4 . (7.22)
£=0 m=-£
where
Cpp (€} = ElYy (8(t), $(t)) | z(s), 0 < 5 < t] (7.23)

The set of coefficients {sz(t)} for £ =1, ..., kandm=-£, ..., £

is equivalent to the set of conditional moments (e Pl ()1} for
P=1l, ..., k (see [3] for a detailed description of this equivalence).
Thus a filter which generates {Cﬂm(t)} is equivalent to (7.15); in
fact, it can be shown that such a filter consists of an infinite set

of equations (similar in form to (7.15)), and the eguation for C ,  is coupled

LM
only to those for {C m’ £=1-1, L, L+l; m=-£,...,£}. The optimal estimate is

- * Yk _ _
X' (t) = V2 C (8}, =(Cyy (8) + Cpy (£)), L(CT; (1) Cyy (001

2 2.1/2
VZ (el 8 + 2 | e e (7.24)
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This filter is completely analogous to the S1 filter (7.3) - (7.4).
We will again employ an "assumed density" approximation in order
to obtain a finite-dimensional filter. An Sz—analog of the folded normal

dengity is obtained as the solution to the standard diffusion equation on

52:

The Green's function for (7.25) is given by the "bilinear series" [79]

£
G(B,9,t; n,v,T) = E 2 Yf_m(ﬂ.(#) Y;.m n,v) e

£=0 m=-£

£
-£ (£+1)Tf B(s)ds

(7.26)

This is the solution to (7.25) with initial condition equal to the
singular distribution concentrated at (n,v).
Thus by analogy with (7.5), we assume that the conditional density

for the s2 estimation prcblem is of the form

£

1
=2
p(8,4,t) = 2 2 ¥p (0,4 Yp (n(t),v(t)) e 2
ﬂ-O m=-£

B+1) Y(E) (g o

In order words, sz{t) {as defined in (7.22) - (7.23) is assumed to be

Ly (2+1) ¥ (t)

Cpp (8) = YEm M), Vi) e 2 (7.28)

In this case, if C10 and C.. have been computed, then

11

1 2 2
Y{t) = =5 log [531 (Clo (&) + 2]c , (0] )] (7.29)
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.Cin(t) ,
cos n(t) = - 5 , 21/2 (7.30)
[Cloft) + 2|c11(t)| ]
V2 | Cll(t)l """
sin nit) = 5 3172 {7.31)
[Clo(t) + 2[e,, ()%
If Cll(t) = 0, then the density is independent of v(t); otherwise,
*
. C,, (t)
Q2iviey _ 1l (7.32)
€11 (8
Then {CN+1 o’ m=-(N+1), ..., N+l} can be computed (for any N) from
r .
C ) = ¥r. e, vie)e T3 O w2y (7.33)
N+1,m T THN+l,m ’ *
Thus we can truncate the bank of filters for'{C£m} by approximating
{c } via (7.29) - (7.33) and substituting these approximations into

N+1l,m

the equations for {CN m}"

r

The performance of this suboptimal filter will be tested by
simulation, and the results will be presented in a future report. Other
"assumed densities” will also be studied, including those resulting from
dégenerate diffusions or diffusions with unequal drifts around the three
axes [3]).

The techniques of this section can in theory be extended to any
compact manifold by eﬁploying the eigenfunctions of the Laplace-Beltrami
operator. For example, on the n-sphere s these functions are the n-

dimensional spherical harmonics [78]. Since S0(3) is isomorphic (as a Lie
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group) to S37{i I} (see [221, [43]), suboptimal filters for some of the
rotational estimation problems of Section IV can be constructed by

means of spherical harmonics on S3.



VIII. A Cumulant Method for Suboptimal Filter Design

As we have seen, we are able to obtain finite dimensional optimal
filters only for certain bilinear estimation problems. In the preceding
section we described how harmonic analysis could be used to design high
quality estimation systems for processes evolving on spheres and, more

_generally, on compact manifolds. In this section we describe a design

technique which we call the cumulants method. This approach has been

considered by several authors [10], [59], [60] and is related to
statistical linearization techniques [60] - [62].
We wish to consider the estimation of x(t)} given the observation

process z, where these processes satisfy

ax(t) a{x(t), tldt + B(x(t), t)dwl(t) (8.1)

/

dz(t) = H(t) x(t)dt + R/ 2(t) av(t) (8.2)

where a is an n-vector and B an nxm matrix of polynomials in the components
of x, w and v are independent standard vector Brownian motion processes,
and R > 0. All of the_random procaesses considered in the preceding
sections are of the form. (8.1) (see Section II). We consider only the
liﬁear ob#ervation process (8.2), but the analysis of this section can
also be carried out for bilinear and multiplicative processes of the
forms given by (2.12) and (2.13).

We wish to compute the conditicnal moments

k

k
mkl...kn(tlt) = E[xll(t)...xnn (t)|z(s), 0< s 2t (8.3)

Recall that these quantities were of direct interest in the various

estimation problems described earlier. For any twice continuously

-0~
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differentiable real-valued function ¢ of x, let

deelt) = El¢(xte)) | z(s), 0 < s € t] (8.4)

N
We then have Kushner's stochastic differential equation for ¢ [63], [64]:

aé = {{x} + % tr [68'¢ 1} at
+ [@ - du%1' R Y (az - mX] (8.5)

k k
Note that if ¢ is of the form xll...xn N the right~hand side of (8.5)

consists solely of various conditional moments as in (8.3) (see for
example (7.15)). This is a direct consequence of the fact that the right-hand
sides of {8.1) and (8.2) contain only polynomial functions of x.
A major complication with these equations (when $ is a moment
(8.3)) is that they are all coupled together (as in (7.15)). The reason
for this is the following: let the order of a moment mkl"'kn be the sum
of the ki' Then, because of the polynomial nature of the various co-

efficients, the orders of some of the terms on the right-hand side of

(8.5) are at least one higher than the order of ¢. Consider the scalar

example
ax(t) = ax>(t)at + Bx(t)aw(t) (8.6)
dz(t) = x(t)dt + dv(t) (8.7
Then
am = omdt + [m-m3} [dz-m dt] (5.8)

dmz = Izdm3 + Bzmzjdt + [m3~m2ml] [dz—mldt] (8.9)
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i 2. . .
dm. = [3om, + 3B m3]dt + Im4 msml] [dz-mldt] : {8.10)

3 4

From the preceding comments, it is clear that the implementation
of these equations must involve an approximation —- i.e.; a truncation
of the infinite set of eguations. For several reasons; the direct
truncation method -- setting to zero all moments greater than some
given order -- can cause difficulties. First of all, there is no reason
to expect the higher moments to be small, and in many cases (such as
the Gaussian case) the sequence of moments is unbounded. In addition,
if we use the fact that the moments are the coefficients of the Taylor
series expansion of the characteristic function of x, the assumption that
the higher moments are zero corresponds to assuming that the density for
x is a sum of derivatives of Dirac delta functions [59].

As suggested in [59] and [60], a more useful set of variables is the
set bf cumulants, which are the coefficients of the Taylor series expansion
of the logarithm of the characteristic function. For the present dis-
cussion we limit ourselves to the scalar case, although the vector case
can be handled similarly; For a scalar variable the kth cumulant is a
polynomial in the first k moments and, in fact, the first k moments
and the first k cumulants contain precisely the same information. For

example, the first 4 cumulants of the scalar process x(t) in (B.6) are

ki (€) = m, (£) (8.11)
ky(£) = m,(&) = m: (£) (8.12)
ky(6) = m () - 3m (B, (8) + 2mi(t) (8.13)
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k4(t) = m4(t) - 3m§(t) - 4m1(t)m3(t} + lZmi(t)mz(t) - Gm:(t) (8.14)

and we see that kl is the mean and k2 is the variance.
As discussed in [59], a reasonable procedure is to set to zero
all cumulants of order higher than some given mumber. Note that
assuming ki = 0Vi > 3 is equivalent to assuming that x(t) is Gaussian !
Note also that if we take k (t) = 0, i.i M, we can obtain equations for
the corresponding higher moments of x({t). In this way, we can effectively
truncate the infinite set of moment equations._ For instance, if we
return to the scalar example (8.6), {8.7), and if we assume k;(€) = 0V 1 >4

equations (8.8) and (8.9) are unchanged and (8.10) is replaced by

_ 2
dm, = [3un(ml, mz, m3) + 38 m3]dt

3

+ [Tl(ml, m, m3) - m3mll [dz—mldt] {8.15)

(m m) = 3m> + 4 - 12rm. + 6m> (8.16)
Nimy s my, my o ¥ Amym, mm, 1 .

We note that this technique can be extended to the general vector
problem (8; 1), (8.2) with no conceptual, but some bookkeeping, difficulties.
For instance, the cumulants approach provides an alternative to the Fourier
series methods described in Section VII for the design of phase tracking
and demodulation systems. An open question related to the cumulants method
is that of performance analysis -- e.g., how does performance improve as
we retain more cumulants and do we achieve the optimal performance in the

limit?



IX. Conclusions

In this paper we have discussed the practical importance and
the mathematical analysis of several classes of bilinear estimation
problems. We have seen that such mathematical models arise in a wide
variety of applications, and we refer the reader to the references for
further verification of this fact. We have also indicated how such
estimation problems can be solved. In some cases, best explained in
a Lie-theoretic framework, we have seen that finite-dimensional optimal
estimation equations can be derived. For other problems the tools of
harmonic analysis have turned out to be most appropriate and extremely
useful. Finally, a general but untried approximation method based on
the truncation of the cumulants of a random process has been described.
In conclusion, the class of stochastic bilinear systems is not only an
appealing class of systems from an applications point of view, but it’
also is a highly structured class of systems for which analysis nearly

as detailed and successful as that for linear systems is possible.
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